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2O. 4BSTRACT (Continue on reverse side If necessary and Identify bv block number)
--t We consider the transmission of a spherical electromagnetic wave through a dielectric shell. The two surfaces of the shell are spherical (either concave or convex), and their centers are arbitrarily located in relation to the source point. The field solution determined by the geometrical optics theory is given in a simple closed form. Special cotnetio sgnt the inoinlpeica encil iof ah foelcig pel. whic attveto sgnt the inoigshrlen efctl iof th dielcticg sel.hc [31, [4] to calculate the transmitted field in the problem sketched in 
2Wo

II. SOLUTION FOR CONCENTRIC SPHERICAL SHELL
Let us consider the wave transmission problem in Figure 1 . The boundary surfaces of the dielectric shell are two concentric spheres with radii R 1 and R 2 (both positive), and with a common center at Q.
The point source at 0 emits a spherical wave described by (for exp jwt
Here, (r,e,o) are spherical coordinates of r with origin at 0. Functions P and Q describe the radiation pattern of the source. The wave number
/ 2 is that of free space. By using GO [3] , [4] , the transmitted field at an observation point 3 is to be determined.
Without loss of generality, we assume that point 3 lies in the (x,z)-plane with rectangular coordinates (x 3 ,O,z 3 ).
A. Ray Tracing. In accordance with Snell's law, we trace a ray from source point 0 to observation point 3, via refraction points I and 2 ( Figure 1) .
Clearly, all four points, 0 to 3, lie in the same (x,z)-plane. For a given launching angle e of the ray and the distance c, the other geometrical parameters can be determined from the following relations:
sin a=
Thus, for a given (d,c), we can determine the position of point 3 straightforwardly. On the other hand, when point 3 is given, explicit formulas do not exist for determining 8. One has to find 8 by trialand-error.
B. Field on the Ray. The present vector field problem can be decomposed into two scalar ones: one with the electric field vector perpendicular to the plane of incidence (E = y E ) and the other with the electric field vector parallel to the plane of incidence (E ).
The final solution for the transmitted field E t at point 3 derived by GO is given by
The various factors in (2.3) are explained below: TIL and T 1 1 are the products of the transmission coefficients at points 1 and 2, given by
cos L cos C2J
The two components of the incident field are calculated from (2.i):
-jk 0a E.L(1) = e a Q(5,$ = 0) (2.5a)
The derivation of the divergence factor DF in (2.3) requires some effort.
With the details given in Appendix A, the final result for DF reads = (n cos a Cos a + !-(n cos a 1 -cos a') (2.7a)
The sign convention of K is as follows. If K is positive (negative), the normal section of the wavefront is divergent (convergent). For example, if the transmitted wavefront at point 1 is the same as the incident spherical wavefront, we have
factor in (2.6), the square root convention is
if f is real
When f is imaginary, it means that the ray has crossed a focus of the ray pencil. The (+j) accounts for the well-known (7/2) phase retardation. (ii) The surfaces of the shell can be either concave or convex.
Looking from the source side, R I (or R 2 ) is positive if the surface is concave, and R 1 is negative if the surface is convex. For the general configurations in Figure 2 , the ray tracing formulas in (2.2) are not valid. However, by following Snell's law, the ray tracing even in the most general situation is conceptually simple.
Thus, instead of working out a set of general formulas, we leave it to the individual problems.
IV. AXIAL INCIDENCE ON SYMMETRICAL SHELLS
To study the features of the present ray solution, let us concentrate 
The first factor in ( } in (4.6) is the divergence factor of a planar dielectric slab (RI,R 2 '0 ). Thus, the ratio of the electric field at a far-field point 3 for a spherical shell and that for a dielectric slab is As a numerical example, consider the case in which the inner and outer dielectric surfaces are concave and concentric (Q 1 . Q 2 ) with (Rl/b) -2.
We plot n as a function of (a/b) for n = 0.5 and n = 3 in Figure 5 . We note that n can be substantially different from unity. When a -RI, we have q -i. Thus, in this interesting special case, the axial far field (iv) Multiple Refraction: For a given source point 0 and observation point 3 in Figure 1 or 2, we can trace two types of geometrical optics rays.
The first type is the direct ray from 0 to 3 without going through internal reflections in the dielectric shell. Its field solution is given in (2.3) which, of course, is the main contribution. The second type contains rays which bounce one or more times inside the shell before reaching point .
We now consider the contribution of such multipl-refracted rays. i1±I F tr~insrmitte~d through a s rs h I-e.' v -ie~e~r4, axial incidence case (Figure 3) , let us further specialize the geometry by setting (RI,R 2 ) -. The dielectric shell becomes the slab shown in Figure 6 , and the field on the direct ray calculated from (2.3) reads -jk (nb+c)F-
where T is the product of the transmission coefficients at points l and 2 ( Figure 6a) T TT +l) (4.10)
In a similar manner, we can calculate the field on the multiply refracted rays (a twice internally refracted ray is shown in Figure 6b ). For an obliquely incident ray and/or a curved slab, the condition for resonance is rarely satisfied. Thus, generally speaking, the error for neglecting the multiple refraction is roughly 10%. In Figure 9 , we launch 4 rays 2' apart. The outside ray (at 6 = 60) suffers total reflection at the second face of the lens, and is not transmitted into the free space region (we ignore multiple refractions). We assume the incident field from the source is confined to a cone (a beam).
In the x-z plane, it is given by -ei We mark the position of the focus corresponding to K2 1 by a cross in where K 2 1 and K 2 2 are defined in (2.7).
